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joints have been identified to occur in a narrow fine grained or inter critical region of the HAZ in stronger 9-12 
Cr steels such as Grade 91 ferritic steel [3-6] and they are termed as type IV failures.  
In sodium cooled fast reactors (SFRs), the components are often subjected to high temperature fatigue due to 
the temperature gradient induced cyclic thermal stresses as a result of start-ups, shutdowns and transients. In 
addition, steady state operation at elevated temperatures introduces creep, resulting in creep-fatigue interaction 
condition. In order to have more reliability in the performance of a component, it is essential to understand the 
deformation mechanisms operative under pure fatigue, pure creep and creep-fatigue interaction conditions. 
Creep experiments on weld joints of Grade 91 steel have shown that  fracture usually occurs in the base metal 
in the short term tests at high stresses, whereas under long term creep conditions at low stresses Type IV failure 
mode appears [7-9]. Type IV failure results in significant reduction in rupture life as compared to the 
specimens without weld joint [6, 9]. Creep performance of the weld joints of Grade 91 steel is much better 
understood compared to the LCF and CFI behavior. Hence the aim of the present paper is to study low cycle 
fatigue and creep-fatigue interaction behavior (CFI), identify the underlying deformation mechanism and 
correlate with the failure mode occurring in Grade 91 steel weld joints. 
2. Experimental 
Chemical composition of the 30 mm thick rolled plate used for current study and the weld metal is given in 
Table 1. The base material was given a normalizing treatment at 1313 K for 1 hour followed by air cooling and 
subsequently tempering at 1033 K for 1 hour followed by air cooling, before machining the fatigue specimens. 
Microstructural characterization was carried out using optical microscope, scanning and transmission electron 
microscopes (TEM). Samples for the optical metallography were etched using Vilella’s reagent (1g of picric 
acid + 5 ml conc. HCl + 100 ml ethyl alcohol).  
Table 1. Chemical composition (wt %) of base metal and weld metal. 
Element C Cr Mo Ni V Nb N S P Cu Co 
Base metal 0.11 9.3 0.99 0.14 0.25 0.1 0.068 0.008 0.020   
Weld metal 0.1 9 1.0 0.7 0.17 0.06 0.055 0.012 0.009 <0.05 0.016 
For fabricating LCF specimens containing weld joint, the plates were joined along the rolling direction by 
shielded metal arc welding (SMAW) process using voltage and current approximately 20 V and 100 Amperes 
respectively. A double-V configuration, with an included angle of 70o, a root face of 2 mm, and a root gap of 
3.15 mm was used. Multiple passes were employed to fill the groove. An inter-pass temperature of 423 K was 
maintained during welding. Matching filler wire was used for welding. The weld pads were examined by 
radiography for their soundness. Standard LCF specimens containing joint in the centre were machined from 
the plate bars. Bars of 110 mm length and 25 x 25 mm square cross section were cut from the welded plate. 
Post welding heat treatment (PWHT) was given to the bars containing weld joints at l033 K for 3 h followed by 
air cooling. Low cycle fatigue (LCF) and creep fatigue interaction (CFI) tests were conducted in air, under fully 
reversed, total axial strain control mode in accordance with ASTM specification E606 [10] in a closed loop 
servo hydraulic testing system equipped with a radiant heating furnace. The temperature variation along the 
gauge length of the specimen did not exceed ± 2 K. Continuous cycling tests were performed using a triangular 
waveform and hold time experiments were carried out using a trapezoidal waveform. LCF tests under 
continuous cycling condition were carried out at room temperature at strain amplitudes of ±0.6% and at 823 K 
and 873 K at strain amplitude ±0.25%, ±0.4%, ±0.6% and ±1%. CFI tests were conducted by introducing holds 
ranging from 1 min to 10 minute at peak tension or in peak compression under ±0.6% strain amplitude. All the 
tests were carried out at a constant strain rate of 3×10-3 s-1. Fractographic analysis was performed using SEM 
after which the longitudinal sections of the two separated parts were analyzed using an optical microscope 
equipped with an image analyzer. Microstructure near the fractured surface was studied for all the tested 
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Fig. 3. Effect of temperature on the resultant microstructure corresponding to the samples cycled  at +0.6%  
strain amplitude up to failure at (a)  ambient and (b) at 873 K. 
The fractured surface of the samples tested at 873 K under continuous cycling (Fig. 4) depicts dark contour 
(marked by white dotted lines) on the periphery of the fractured surface (~0.5 mm below the sample surface). 
Magnified image of the contour shows severe localized plastic deformation. This indicates that the contour 
could be the soft intercritical region in the HAZ. It may be stated that during each cycle, the plastic strain 
accumulated in different regions of the sample is different depending upon the mechanical properties of 
individual microstructures. During high temperature experiment, the soft zone of HAZ accumulates larger 
plastic strain which is constrained by the surrounding material such as the comparatively stronger weld and 
base metal. Carbide counting and their size measurement performed at various locations (1 to 7) of the sample 
across the weld joint depicted in Fig. 5 (a) shows comparatively coarser M23C6 carbides at one location. This 
corresponds to the ICHAZ. This is in line with that reported under pure creep conditions [7-10]. Bright field 
image (Fig. 5 (b)) taken on a thin foil prepared from the intercritical region of HAZ also shows scanty 
coarsened carbides and dislocation rearrangement. SEM image of the intercritical HAZ illustrates cavities 
around the coarsened M23C6 carbides (Fig. 5 (c)) due to localized plastic deformation and multiaxial state of 
stress. Crack linkage along the periphery of the fractured surface (Fig. 4) is observed which could be the soft 
ICHAZ. Hence strain localization due to heterogeneity in microstructure and cavitation around coarsened 
carbides due to multiaxial stress occur in the weld joint that together leads to the difference in the cyclic stress 
response and life values. 
 
 
Fig. 4. Fractograph of specimen tested at 873 K under continuous cycling shows contour in the outer extremity of the fractured surface 
(marked by white dotted lines) marks localized plastic deformation. 
(a) (b) 
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(a) (b) (c) 
Fig. 5. (a) Mean carbide size at various locations of the weld joint specimen, (b) bright field image as a result of dislocation 
rearrangements and (c) SEM image of intercritical HAZ illustrating cavities around the coarsened M23C6 carbides due to localized 
plastic deformation and multiaxial state of stress in the soft ICHAZ. 
The effect of application of hold in peak strain in either tensile or compressive direction is to deteriorate the 
fatigue life. Hence application of hold in any direction decreases the fatigue life values; compressive hold is 
found to be more damaging than tensile hold (Fig. 6 (a)). Hardness profiles taken across the fusion line under 
various test conditions such as tension hold (1 min), compression hold (10 min) and untested conditions are 
depicted in Fig. 6 ((b). It is clear that application of hold in either direction result in an overall softening of the 
weld joint. Hence it is speculated that the annihilation of dislocation and carbide coarsening is much more 
pronounced during the extended periods of hold at elevated temperatures. This leads to lowering of the 
microhardness profile and the resultant lowering of fatigue life values as observed in Fig. 6 (b) and Fig. 6 (a) 
respectively. Under pure creep condition, the importance of multiaxiality of stress for creep cavitation around 
coarse precipitates in Cr-Mo steel weld joints have been brought out. On similar understanding, under creep-
fatigue interaction condition, the vital role played by multiaxiality of stress for cavity nucleation around the 
coarsened carbides in soft ICHAZ cannot be ruled out. Vacancies generated during fatigue enhance creep climb 
and carbide coarsening that assist in cavity nucleation and hence enhanced creep deformation occur during 
elevated tests under continuous cycling and creep-fatigue interaction conditions.   
 
(a)  (b)  
Fig. 6. Effect of application of various holds on (a) fatigue life and (b) comparison of hardness profiles taken across fusion line in 
untested condition and under application of hold. 
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The role played by surface oxides in crack initiation and propagation are important under compressive holds 
(Fig. 7). Multiple crack initiation sites and oxidation assisted crack initiation and propagation for sample tested 
under compression hold is observed. Also, the number of secondary cracks found under compression hold is 
much higher than found under tension hold (Fig. 7 (a). Brittle surface oxides formed on the sample surface 
during hold at high temperatures break upon unloading and further cycling in tensile direction after removal of 
compression hold (Fig. 7 (b)). Oxygen impregnates through the freshly exposed metal layer causing more 
damage in the material. 
 
 
(a)  (b)  
Fig. 7. Large number of short secondary cracks perpendicular to loading direction under CH as compared to fewer unidirectional 
longer cracks under TH (a) is due to the role played by surface oxides during compression hold experiment (b). 
A shift in the failure location from base metal to heat affected zone is observed as the temperature is 
increased from ambient to elevated temperatures. At room temperature, major crack is in the base metal, at 773 
K and 823 K the crack initiate in HAZ and propagate in WM. At 873 K, the major crack is contained in HAZ 
and resemble type IV cracking due to creep effects. The different failure location is due to the different 
response of each microstructural zone present in the weld joint to the temperature, strain amplitude and strain 
hold combination. At elevated temperature and under creep-fatigue interaction, multiaxiality of stress for creep 
cavitation around coarsened carbides in the ICHAZ and their linkage cause the failure. At lower temperatures, 
such preferential coarsening of carbides in the ICHAZ is not so accelerated and hence the failure location is 
shifted to other locations. Further analysis to explain the shift in failure location with various test parameters is 
in progress.  
4. Conclusions 
The high dislocation density initially present in the martensitic lath structure undergoes a rearrangement into 
a lower energy configuration such as cells and subgrains causing cyclic softening in the material and this 
process is highly sensitive to temperature and application of hold. The lower cyclic stress response curve of the 
weld joint compared to the base metal is attributed to the soft zone present in the heat affected zone of the weld 
joint. Failure location in the weld joint is found to depend upon temperature and application of hold. Strain 
localization in the soft zone of the heat affected zone (HAZ), sub-surface creep cavity formation in this region 
and their linkage had caused enhanced crack propagation that translated into lower fatigue life of the weld joint 
at high temperatures. The compression dwell sensitivity was largely due to the deleterious effect of the surface 
oxides. 
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